Vapor phase growth technique and system for several 3-5 compound semiconductors by Tietjen, J. J. et al.
General Disclaimer 
One or more of the Following Statements may affect this Document 
 
 This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 
 
 This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 
 
 This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 
 
 This document is paginated as submitted by the original source. 
 
 Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 
 
 
 
 
 
 
 
Produced by the NASA Center for Aerospace Information (CASI) 
https://ntrs.nasa.gov/search.jsp?R=19700006377 2020-03-12T01:55:57+00:00Z
Nw
N
rl
1
a
N
Q
NASA TECHNICAL TRANSLATION	 NASA TT F-12,772
ALGEBRAIC METHOD OF DIAGRAM REPRESENTATION
OF THE STATE OF MULTICOMPONENT SYSTEMS
0. S. IVANOV
Translation of: "Algebraicheskiy sposob
izobrazheniya diagramm sostoyaniya
mnogokomponentnykh sistem."
Izvestiya Akademii Nauk SSSR, Metally,
No. 1, pp. 204-209, 1969
(ACCESSION NUMBER) 	 ITNRUI
C
i
P 4E8)	 (CODE.J
U
V !NASA OR OR TMX OR AD NUMBER)	 ICATEOOR )
1
1
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D.C. 20546 	 JANUARY 1970
I
s
m
u
M
7 0
^rN u)
6CA?L3ORYI
r
.	 C^ 56306
VAPOR PHASE GROWTH TECHNIQUE AND SYSTEM
FOR
SEVERAL III-V COMPOUND SEMICONDUCTORS
by
J.J. Tietjen, R. Clough, R.E. Enstrom, and M. Ettenberg
September 1969
Prepared under Contract No. NAS 12-538 by
RCA Laboratories
Princeton, New Jersey
Electronics Research Center
Cambridge, Massachusetts
NATIONAL AERONAUTICS AND SPACE ADMINISTRATIQ —'1
o
r.,
	
pL6^, Nd^	 m^, .
1 ,r n 
C • =''Y`„ •^
W
f4
k	 I
I r
0 {
VAPOR PHASE GROWTH TECHNIQUE AND SYSTEM
FOR
SEVERAL III-V COMPOUND SEMICONDUCTORS
by
J.J. Tietjen, R. Clough, R.E. Enstrom, and M. Ettenberg
QUARTERLY TECHNICAL REPORT NO. 8
September 1969
Distribution of this report is provided in the interest of
information exchange and should not be construed as endorse-
ment by NASA of the material presented. Responsibility for
the contents resides with the organization that prepared it.
Prepared under Contract No. NAS 12-538 by
RCA Laboratories
Princeton, New Jersey
Electronics Research Center
Cambridge, Massachusetts
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
A•
^ w
a
Dr. J. D. Childress
Technical Editor
NAS 12-538
Electronics Research Center
575 Technology Square
Cambridge, Massachusetts 02139
s
k
Requests for copies of this report should be referred to:
NASA Scientific and Technical Information Facilityt	
P.O. Box 33, College Park, Maryland 20730
4
'F11AP
t	 .
ti
TABLE OF CONTENTS
Section
	
Page
0
SUMMARY	 1
I.	 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . .
	
2
II. TECHNICAL DISCUSSION . . . . . . . . . .
	
3
A. Growth of GaN and Inl-xGaxN Alloys	 3
B. Growth of Inl-xGaxP Alloys . . . . . . . . . . . . . 	 4
C. Growth of Gal-xA1xAs Alloys . . . . . . . . . . . .	 7
D. Growth of GaSb and GaSb-ZnTe Heterojunction 	 7
III. CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . . .
	
9
IV. NEW TECHNOLOGY APPENDIX 	 . . 0 9 0	 10
•VAPOR PHASE GROWTH TECHNIQUE AND SYSTEM
FOR
SEVERAL III-V COMPOUND SEMICONDUCTORS
by
J.J. Tietjen, R. Clough, R.E. Enstrom, and M. Ettenberg
RCA Laboratories
Princeton, New Jersey
SUMMARY
The research has included the vapor growth of AlAs, GaN, GaSb, and
In Ga P alloys. By gaining new insight into the deposition conditions
required for the growth of AlAs, single crystalline layers were prepared
for the first time. These layers are relatively stable in air, and have
good optical and electrical properties. GaSb layers have been grown with
a mobility of 420 cm2 /v-sec, which is higher than obtained previously.
Good control of the composition of Inl_ XGaxP alloys has been achieved by
adjusting the HC1 flows to the Ga and In sources and by selecting the
appropriate deposition temperature. The use of InP and GaP substrates
is being investigated to reduce strain-induced defects caused by mis-
match of the thermal expansion coefficient and lattice parameter between
the substrate and the epitaxial layer. Increasing the GaN growth temper-
ature to 970°C improved the surface quality, but did not lead to the incor-
poration of Ge acceptor impurities, so that reproducibility of p-type dop-
ing is still a problem. Annealing of vapor-grown, high carrier concen-
tration GaN layers in a nitrogen atmosphere glow discharge was not effective
in reducing the net carrier concentration by annihilating nitrogen vacancies.
For the first time, single-crystalline GaN layers have been grown on a-SiC.
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I . INTRODUCTION
The research during the previous three quarters has emphasized
the preparation and characterization of GaN, Ir.1 ,.XGaxP, and Gal_XA1xAs
alloy layers.
The research on GaN has progressed from the growth of polycrystal-
line layers to the preparation for the first time of high quality single-
crystalline layers on sapphire substrates. The doping of GaN with poten-
tial acceptor impurities was investigated to achieve conducting p-type
layers, and some success was achieved by doping with Ge. However, repro-
ducibility was found to be a problem.
P -N junction structures were prepared from In, Ga P alloys; but
problems were encountered because of diffusion of Zn from the p-layer
into the GaAs substrate. This problem was solved by reducing the p-
ant n-type doping concentrations to more nearly optimum values and then
visible electroluminescence was observed. However low diode efficiencies
were observed possibly because of a high defect density, and also control
of the layer composition was not adequate; so studies were initiated to
solve these problems.
The corrosive nature of the aluminum chlorides caused attack of the
quartz apparatus which prevented the growth of single-crystalline Gal-x
A1xAs but coating the inside of the tube with carbon reduced the attack.
Then, some progress was made towards the growth of single-crystalline
alloy layers, but homogeneity, reproducibility of alloy composition, and
crystallinity continued to be problems.
The research during this quarter has emphasized the growth and char-
acterization of GaN, AlAs, GaSb, and Inl_ 2tGaxP alloys and good progress
has been made. The details of this research are given in the following
sections.
1
0
II. TECHNICAI. DISCUSSION
A. Growth of GaN and Inl rxGaxN ALLOYS
It has been possible to obtain conducting p-type GaN by doping
with Ge. However, as reported in Interim Technical Report No. 7, it
has been difficult to reproduce this result because of & high inherent
donor concentration and a limited solubility of Ge in the GaN at the
normal growth temperature of 825°C. Since more Ge might be incorporated
at higher growth temperatures, a study has been initiated to determine
the conditions for growing GaN at temperatures above 825°C, and to exa-
mine the properties of such crystals. As a result, it is now possible
to grow GaN on <0001>- oriented sapphire at temperatures as high as
970°C without degrading its electrical properties, and in addition the
crystalline properties of these high-temperature growths appear to be
enhanced as evidenced by improved surface quality. The growth rate
under these conditions is as high as l00µ/hour. However, our efforts
to achieve p-type conducting layers by doping with Ge acceptor impuri-
ties at this higher temperature so far have not been successful.
Additional attempts to reduce the net donor concentration by reduc-
ing the nitrogen vacancy concentration were made by annealing ,a vapor-
grown GaN sample in a nitrogen atmosphere glow discharge. It had been
shown previously that during a glow discharge the gas being used becomes
incorporated in the cathode material, i.e. in a glow discharge of nitro-
gen with a molybdenum cathode, the nitrogen ionized and diffused into
the.molybdenum in substantial amounts. It was felt that if a GaN cathode
were used in conjunction with a nitrogen glow discharge, atomic nitrogen
could be incorporated into the GaN lattice to annihilate the nitrogen
vacancies formed during vapor-growth. Therefore, nitrogen pressures
ranging from 2 to 10 mm, voltages up to 1500 volts, and GaN temperatures
up to 800°C were investigated, but no appreciable, reproducible change
in carrier concentration could be effected.
It is possible that the high donor concentrations in the GaN may
be related to strain-induced defects in the epitaxial layer resulting
from lattice parameter or thermal expansion mismatch between the epitaxial
layer and the substrate. For example, the thermal expansion coefficient
along the "a" direction is 9.4 x 10-6 cm/cm OC for the sapphire and
is 5.6 x 10 -6
 em/cm°C for GaN, and electron microscopic analyses of
GaN layers on sapphire has shown large numbers of dislocations to be
present. To eliminate these sources of mismatch and thus the asso-
ciated defects, it is desirable to have GaN substrates. Therefore two
potential sources of GaN substrate material were investigated. In one
case the growth of GaN platelets from a solution of GaN in Sn was attempted,
but only GaN powder was produced. In another case, the growth of a very
thick GaN layer on a sapphire substrate was investigated so that the
sapphire might be subsequently polished away leaving a homogeneous single-
crystalline GaN layer for use as a substrate. Such a sample was grown
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for 5 1/2 hours to produce a layer 30 mils thick, and then slowly
cooled to prevent cracking. However the sample was very badly bowed,
which prevented polishing off of the sapphire substrate. In a future
experiment a thin (2 mil thick instead of 10 mil thick) sapphire sub-
strate will be used for the growth of another 30 mil thick GaN layer
and bowing of the GaN should be reduced.
Single-crystalline GaN has been grown for the first time ca 60001>-
oriented a-SiC (6H polytype). The growth temperature was 825°C, and the
growth conditions were similar to those used for the preparation of GaN
on sapphire.
As reported previously, Inl_xGaxN alloys have never been prepared
before and	 is possible that such alloys with a bandgap smaller than
GaN can be more easily doled with acceptor impurities than can pure GaN.
For the growth of the Inl_xGaxN alloys, tNe GaN vapor growth system has
been modified to permit the use of separate Ga and In sources, and pro-
per operation of this system was demonstrated by the preparation of GaN.
In a series of five runs, the growth of Inl_xGaxN alloy layers on sapphire
substrates was attempted using deposition temperatures ranging from 765
to 835°C and metal source temperatures ranging from 875°C to 940°C. How-
ever, to date only GaN was found to be present in the vapor-grown layers
probably because the experimental conditions used favored growth of this
compound. In future experiments, the growth conditions will be adjusted
to emphasize the efficient transport of In.
B. Growth of In l _xGaxP Alloys
The chief problems associated with the preparation of high-quality
Inl-xGaxP alloys have been (a) control of the composition and (b) pre-
paring epitaxial layers with low defect concentrations. During this
past quarter, the first problem was completely solved and steps were
initiated to solve the second.
We have completed a series of studies examining the effects of the
various flow rates and temperatures on the compositions of the grown layers.
Some of these results were reported in Quarterly Tech. Rep. No. 7, where it
was shown that the composition is virtually independent of the temperature
of the indium and/or gallium, and of the phosphine flow rate(for InP-rich
alloys). As shown in Tables 1 and 2, the composition is also independent
of the center zone temperature, and the phosphine flow rate (for GaP-rich
alloys). However, by varying the growth temperature from 575°C to 875°C,
the composition may be shifted over a broad range of compositions, from
22% to 75% GaP, as shown in Table III. This is probably due to the higher
dissociation pressure of InP, so that relatively more InP is deposited
at a lower temperature. Also, the composition may be controlled by adjust-
ing the ratio of the HC1 flow over the gallium with respect to that over
the indium. Only a small flow of HC1 to the Ga is needed for most alloys,
and to adjust this ratio most effectively, a prediluted mixture of 3-10%
4
HC1 in H2 is used. Below this concentration range, the mixture is
unstable since HC1 is absorbed preferentiall; on the inside of the
gas cylinder.
To reduce lattice parameter and thermal expansion mismatch between
the substrate and the Inl-xGaxP alloy epitaxial layer, and thereby increase
the crystalline perfection, growth on InP and GaP substrates in being inves-
tigated. Initially large-grained (2-4 mm grain size) polycrystalline InP
and GaP substrates have been used; and Inl-xGaxP alloy layers were pre-
pared by grading from the respective terminal compound composition to the
final alloy composition. However, only samples with poor surfaces resulted.
Therefore single crystalline InP and GaP substrates, which only recently
have become available, have been ordered so that a better evaluation can
be made of the effect of the substrate on the crystalline- .
 perfection of
the vapor-grown layer.
Mass sp3ctrometric analyses were made of two electroluminescent diode
structures to determine if a basic difference in impurity concentration
exists between diodes of widely different efficiencies. However, the data
obtained did not provide any conclusive answers to this question. Both
diodes exhibited low purity.
Table I
Effect of Phosphine Flow Rate on the Composition of
Inl-xGaxP Alloys Rich in GaP.
Flow Rate of Pure PH3	Composition
(ml/min)	 (% GaP)
22 34.1
60 29.3
290 33.3
r
5
PO
7
i
Table II
Effect of Center Zone Temperature on
Inl XGaXP Alloy Composition
Temp. of Center
	 Composition
Zone, °C
	 (% GaP)
1100 23,8
1000 27.9
900 21.4
Table III
Effect of Growth Temperature on Composition
of Inl XGaxP Alloys.
Temp, Growth	 Composition
Zone, °C
	 (% GaP)
875 73.0
775 51.7
675 44.4
575 22.0
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C. Growth of Gal-xA1xAs A1'uys
Emphasis has shifted from the preparation of Ga l _xAlxAs alloys to
pure AlAs due to major problems of reproducibility and GaAs substrate
decomposition, and for the first time single -crystallinc AlAs layers
have been vapor grown.
The previously mentioned problems of growth tube attack from
aluminum chlorides have been completely eliminated through the addition
of a pure alumina liner (99.7% A1 103) in the aluminum source region and
high purity 0.005" graphite foil (99.9%C) in the reaction and deposition
regions. In this newly protected growth system polycrystalline AlAs
on sapphire has been grown. The material has been positively identified
as AlAs by powder x-ray patterns, and optical absorption measurements
indicate that the band gap is 2.2 eV ± 0.1 eV, in good agreement with
previous reports. It should be noted that this material is fairly
stable in air, probably because of increased purity, and lasts at least
6 hours without visible deterioration, at least 24 hours In a dessicat-
ing cabinet and indefinitely in a vacuum dessicator.
The deposition rate of AlAs has been increased from an initial
2-4 A/hour to 20-40 V/hour. This large deposition rate increase has
been effected by moving the alumina liner which carries the aluminum
chlorides to within 1/4" of the substrates where the chlorides then
mix with the decomposed arsine to form AlAs. With this growth geometry,
single crystalline AlAs has been deposited on Cr doped GaAs at a thickness
of about 20 µ. Hall measurements will be made on these single crystal-
line samples to determine carrier concentrations and type as well as mobil-
ity. Preliminary results indicate mobilities of above 1000 cm2 /v-sec at 300°K.
D. Growth of GaSb and GaSb-ZnTe Heterojunction
GaSb and GaAsl_xSbx alloys can be vapor-grown using stibene (SbH3)
as the source of antimony but the use of this gas presents more storage
and handling problems than do arsine or phosphire because stibene is quite
unstable at room temperature. In the present study we have used elemental
antimony transported with HCl as a source for the preparation of single-
crystalline layers of GaSb and GaAsl_ XSbx alloys on GaAs substrates.
The samples are grown in the same dual source growth tube that has
been used for the preparation of Inl _xGaxP alloys. The standard condi-
tions for the growth of GaSb by this technique are given in Table V.
Antimony transports quite readily with HC1, so that a low temperature
(below its melting point) and h4.ghly diluted HCl concentrations are used.
Measurements of weight loss of the antimony boat indicate that the anti-
mony is transported primarily as the monochloride (SbCl).
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Ordinarily, the growth rate is very low (< 5p/hour) so that layers
are usually grown on semi-insulating GaAs, in order that electrical
measurements can be made. For one sample, a mobility of 420 cm /v-st...
and a net hole concentration of 1.2 x 10 1 7 cm' 3 was obtained which is
substantially higher than the highest hole mobility of 336 cm2/v-sec
that we previously reported using stab{ne as a source of antimony.
Using this method of introducing antimony to the growth apparatus,
an attempt is in progress to deposit a layer of GaSb on ZnTe, in response
to a request by ERC personnel.
Table V
Standard Conditions for Growth of ^h on a GaAs Substrate
Using Elemental Galli
	 ...id Antimony.
Furnace Temp., °C Gas Flow Rate,
m1. /min.
Antimony Zone 575 100% HC1 over antimony 0.24
Gallium Zone 950 Hydrogen carrier gas 2600
Center Zone 1000 100% HCL over gallium 4.0
Growth Zone 650 Hydrogen carrier gas 1400
W
IIII. CONCLUSIONS AND RECOMENDATICNS
Single crystalline AlAs layers have been prepared for the first
time at growth rates up to 40µ/hour. This was accomplished by more com-
pletely protecting the quartz deposition tube, by using an alumina tube
to contain the aluminum source, and by placing the outlet of the alumina
tube close to the substrate.
Higher growth temperatures have improved the GaN surface quality
but the higher temperatures have not promoted increased Ge acceptor con-
centrations. Annealing of vapor grown GaN samples in a nitrogen atmos-
phere glow discharge is n-It effective in reducing the high inherent
donor concentration.
Good control of the composition of In1 _xGaxP alloys has been achieved,
and now single crystalline InP and GaP will be investigated to improve
the crystalline quality of the epitaxial alloy layers. The growth of good
quality GaSb layers using elemental antimony as the source was demonstrated.
During the next quarter, work will continue on the growth and charac-
terization. AlAs, GaN, A1N, and Inl_xGaxP alloys.
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IV. NEW TECHNOLOGY APPENDIX
A. Title: Vapor Growth of AlAs
Page Reference:
Comments: AlAs and Gal-xA1xAs alloys are potential candidates for
visible electroluminescent diode materials, but growth
problems prevented the preparation of these materials
as single crystalline vapor grown layers. Single-cry-
stalline AlAs layers have now been prepared for the first
time from the vapor phase by preventing attack of the
deposition apparatus and by placing the aluminum chloride
outlet orifice within close proximity of the substrate.
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